Efficacy of photoinitiators such as riboflavin (RF), camphorquinone (CQ), and safranin T (ST) and triethanolamine as a coinitiator has been compared in carrying out the polymerization of 2-hydroxyethyl methacrylate (HEMA) in aqueous and organic solvents. HEMA solutions were polymerized in the presence of RF, CQ, and ST using a low intensity visible radiation source. HEMA was assayed by a UV spectrophotometric method during the initial stages of the reactions (i.e., ∼5% change). A comparison of the efficacy of photoinitiators in causing HEMA polymerization showed that RF is more efficient than CQ and ST. The rate of polymerization is directly related to solvent dielectric constant and inversely related to the solvent viscosity. RF is the most efficient photoinitiator in the polymerization of HEMA and the highest rate of reaction occurs in aqueous solutions. A general scheme for the polymerization of HEMA in the presence of photoinitiators is presented.
Introduction
The influence of solvent on the rates and mechanisms of chemical reactions is of great importance and has been discussed by many workers [1] [2] [3] [4] [5] . 2-Hydroxyethyl methacrylate (HEMA) is a component of resin-modified glass-ionomer cements used as restorative materials in dentistry. It undergoes polymerization in the presence of a photoinitiator during the setting process on bonding to the teeth [6] . The efficacy of photoinitiators in the polymerization of HEMA may be affected by medium characteristics including the polarity, viscosity, and the extent of radical formation involved in the reaction. Several studies have been carried out on the effect of solvent on the polymerization of HEMA using dilatometry [7, 8] , gas chromatography [9] , Raman spectroscopy [10] , ATR-FTIR spectroscopy [11] , and differential scanning calorimetry (DSC) [12] . The primary photochemical processes in polymerization may be dependent on the solvent and, therefore, the dielectric constant of the medium could affect the initial quantum yield of the process [8] . Most of the work on the polymerization of HEMA in aqueous solution has been carried out using water-soluble photoinitiators and information is lacking on their behavior in organic solvents. It would be worthwhile to evaluate the efficiency of these photoinitiators in the polymerization of HEMA in organic solvents. The present work is based on a study of the effect of solvent dielectric constant and viscosity on the rate of polymerization of HEMA in aqueous and organic solvents using a UV spectrophotometric method. Riboflavin ( max = 445 nm) [13] , camphorquinone ( max = 468 nm) [14] , and safranin T ( max = 532 nm) [15] have been used as photoinitiators and triethanolamine as a coinitiator [7, 8, 16] 
Experimental
2.1. Materials. Riboflavin (RF), camphorquinone (CQ), and safranin T (ST) were obtained from Sigma. Triethanolamine (TEOHA, Sigma) and 2-hydroxyethyl methacrylate (HEMA, Aldrich) were distilled under reduced pressure before use. Water was purified using a Millipore Milli-Q system.
Method of Polymerization.
Polymerization of HEMA (monomer/solvent ratio 1.21 : 10, 1 M) was carried out in the presence of photoinitiators, RF, CQ, and ST (absorbance of each photoinitiator at the max was not more than 0.125 to avoid inhomogenous free radical distribution) [17] , and 0.01 M TEOHA as a coinitiator in aqueous and organic solvents under anaerobic conditions at 25 ∘ C. The solutions were irradiated with a low intensity General Electric 15 W fluorescent lamp (emission in the visible region) fixed horizontally at a distance of 25 cm from the center of the vessel.
Spectral Measurements.
All spectral measurements on fresh and polymerized solutions of HEMA were carried out on a Shimadzu UV-1601 recording spectrophotometer using quartz cells of 10 mm path length.
Fluorescence Measurements.
Fluorescence measurements of RF in various HEMA solutions were carried out at room temperature (∼25 ∘ C) using a SpectraMax 5 fluorimeter (Molecular Devices, USA) in the end point mode using ex = 374 nm and em = 520 nm [18] . The fluorescence was recorded in relative fluorescence units using a pure 0.05 mM RF solution as standard. ). At this dilution the photoinitiator has negligible absorption at the analytical wavelength. The concentration of the samples was calculated using the following least squares regression equation: = 0.9920 + 0.0012; 2 = 0.9996. The validity of Beer's law has been confirmed in the concentration range of 0.1-1.0 × 10 −4 M HEMA. The RSD of the assay method is within ± 3%. The method has previously been used for the study of the photoinitiated polymerization of HEMA by RF/TEOHA system in aqueous solution [20] .
Measurement of the Light

Results and Discussion
Effect of Dielectric Constant on Polymerization.
The rate of the reactions between dipolar molecules is dependent on the dielectric constant, , of the medium [4] . Consider
where =∞ is the rate constant in a medium of infinite dielectric constant and is a constant involving terms such as ion charge and distance between ions. The dielectric constant of the medium is approximately equal to the dielectric constant of the solvent in dilute solutions. A decrease in dielectric constant of the medium tends to decrease the rate of reaction and conversely. The effect of dielectric constant on the polymerization of HEMA has been evaluated in the presence of different photoinitiators.
Riboflavin as Photoinitiator.
The polymerization of HEMA was carried out in aqueous and organic solvents (acetonitrile, methanol, and ethanol) containing RF as photoinitiator and 0.01 M TEOHA as a coinitiator. The reactions in 1-propanol and 1-butanol could not be carried out due to the insolubility of RF in these solvents. The analytical data were subjected to kinetic treatment and the reactions were found to follow pseudo first-order kinetics in the initial stages (∼5% HEMA loss) using a low intensity radiation source. The steady-state assumption of the rate of initiation being equal to the rate of termination in polymerization reactions is considered valid only at a low conversion of monomer [14] and is represented by the apparent first-order rate constant ( obs ) in this study. The values of obs for the polymerization of HEMA in the presence of RF in water and organic solvents are reported in Table 1 . In order to develop a correlation between obs and the dielectric constant of the medium, , a plot of obs versus dielectric constant of the solvents was constructed (Figure 2 ). It was observed that the rate of reaction is dependent upon the solvent and is a linear function of the dielectric constant of the medium. Since RF is used as a photoinitiator in this reaction, it is necessary to understand the behavior of RF on excitation. This could be explained on the basis of the existence of a polar flavin (Fl) intermediate, which would facilitate the polymerization reaction with an increase in the polarity of the medium. A strong evidence for the presence of such an intermediate has been presented by Ahmad and Tollin [21] who studied the solvent effect on flavin electron transfer reactions using laser flash photolysis. According to these workers the reduction of flavin triplet ( 3 Fl) by the substrate (amine in this case) proceeds via a dipolar intermediate in water and organic solvents and, therefore, the rate is increased with an increase in the solvent dielectric constant:
The extent of solvent interaction with the dipolar intermediate would determine the degree to which it leads to the formation of radicals. In these reactions the primary photochemical process is considered as being the electron transfer between reactants. In such a case the transition state is more polar than the reactant and the rate of reaction would increase with the dielectric constant of the medium as observed in the case of the photolysis of formylmethylflavin [22] . Thus the polarity of the medium in which the polymerization of HEMA is being carried out would exert an effect on the rate of the reaction, and the primary physical factor determining the observed dependence of obs on is the electrostatic interaction. It should, however, be noted that an alternative interpretation to the interrelation between obs and may be given; namely, the increase in solvent dielectric may lead to increase in the strength of solvophobic effect which is mainly of entropic nature and originates from change in the solvent structure around the reactants on complexation [23] . This may affect obs on the state of HEMA polymerization and act together with the electrostatics. Further discussion of the contribution from these two factors to the dependence of obs on falls out of the scope of the present paper. However, it is worth noting that is directly related to the strength of electrostatic interactions and only indirectly accounts for the solvophobic effect; hence, the linear interrelation between obs and solvent dielectric in Figure 2 , presumably, reflects the electrostatics as a major factor determining the observed dependence. Anyway, the obtained results suggest that water, with the highest dielectric constant, appears to be the best medium for carrying out polymerization of HEMA in the presence of RF to obtain a greater yield than that in the organic solvents.
It has been reported that the rates of polymerization of HEMA are decreased with a decrease in medium polarity, that is, from water to acetonitrile, as a result of singlet state quenching in organic solvents [7, 8] . The results obtained in this study are in accordance with this behavior since the fluorescence of RF is reduced with the polarity of the medium (Table 2) .
Camphorquinone as Photoinitiator.
The results of the effect of solvent dielectric constant on the rate of polymerization of HEMA in the presence of CQ as photoinitiator may be considered on the basis of the data discussed above in the case of RF as a photoinitiator. The values of obs for these reactions are given in Table 1 . The polymerization behavior of HEMA in aqueous and organic solvents is similar to that observed in the presence of RF with respect to the effect of dielectric constant (Figure 2) . However, the values of obs in this case are lower than those observed for RF and may be due to a lower reactivity of the polar intermediate and subsequent radical formation in this reaction. In view of the structural consideration (C=O groups) the polar character of CQ would be lower than that of RF (a highly conjugated system), resulting in lower rate constants for the reactions. The effectiveness of CQ/TEOHA system depends on the H-atom donor ability of the amine in a particular environment and subsequent interaction of the photoinitiator excited species with the monomer (HEMA) to undergo polymerization [11] .
Safranin T as Photoinitiator.
The apparent firstorder rate constants for the polymerization of HEMA in ST/TEOHA system in aqueous and organic solvent are reported in Table 1 . A plot of these rate constants as a function of solvents dielectric constant is shown in Figure 2 . These results indicate that the reactivity of ST is lower than those of RF and CQ as photoinitiators. Apart from a consideration of the excited state polarization behavior of this molecule and polarity of the intermediate involved in this reaction, the visible absorption maximum (532 nm) of ST is higher than those of RF (444 nm) and CQ (468 nm). It would provide relatively less energy for the excitation of the molecule and would have a lower efficiency compared with the other two photoinitiators. Thus the rates of polymerization of HEMA in this case are lower than those of RF and CQ.
The slopes of the plots of obs versus dielectric constant of the medium for the photoinitiators used are in the following order:
This indicates the magnitude of the solvent effect on the reactivity of these compounds in initiating the polymerization of HEMA.
Effect of Viscosity on Polymerization.
Another important factor that may influence the rate of a chemical reaction is the viscosity of the medium. This appears to control the solute diffusion and hence the rate of a reaction. A pervious study has shown that the 3 Fl quenching by a substrate is proportional to the inverse of solvent viscosity as expected for a diffusional process [21] . The effect of viscosity on the polymerization of HEMA in the presence of different photoinitiators has been discussed in the following sections.
Riboflavin as Photoinitiator.
Polymerization reactions of HEMA in water at 1, 2, and 3 M concentrations in the presence of different photoinitiators have shown that the rates are decreased with an increase in the viscosity of the medium [20] . In order to confirm the effect of medium viscosity on the rate of these reactions, the values of obs in organic solvents in the presence of RF were plotted as a function of the inverse of solvent viscosity (Table 1 ) and a linear relationship was observed as expected ( Figure 3 ). These observations are also supported by the earlier data on the rate constants reported by Valdebenito and Encinas [8] , where a decrease in fluorescence quantum yields of the photoinitiator in organic solvents compared to those in aqueous medium was observed. The decrease in fluorescence intensity of RF in organic solvents (Table 2) viscosity ( Figure 3) on the reaction. This may be explained on the basis of Fl singlet quenching in organic solvents as a result of change in viscosity. The radical-radical reactions, as in the case of polymerization of HEMA, are sensitive to solvent viscosity [5] . Moreover, the decrease in the rate of polymerization has also been ascribed to the combination of a monomer viscosity effect [24] .
Camphorquinone as Photoinitiator.
The effect of viscosity on the rate of polymerization of HEMA using CQ as a photoinitiator shows a similar behavior as observed in the case of RF. A plot of obs versus the inverse of solvent viscosity shows a linear relationship and the rates tend to decrease with an increase in the viscosity of the medium. This appears to be due to a decrease in solute diffusion processes with an increase in solvent viscosity. The slope of the plot (Figure 3) indicates that viscosity exerts a lower effect on the rates in the presence of CQ compared to that of RF.
Safranin T as Photoinitiator.
The results obtained with ST as a photoinitiator in the polymerization of HEMA are similar to those of RF and CQ. A plot of obs versus inverse of viscosity shows a linear relationship ( Figure 3 ) and the rates are further lower than those observed in the case of CQ. The effect of viscosity on the rates of polymerization of HEMA using ST as a photoinitiator is lower than those of RF and CQ. Thus viscosity appears to play a significant role in the efficacy of polymerization processes.
Spectral and Structural Characteristics of Photoinitiators.
In order to provide further explanation of the reactivity of the three photoinitiators (RF, CQ, and ST) used in this study, a consideration of the spectral and structural characteristics of these compounds is necessary. RF exhibits an absorption maximum at 445 nm and undergoes - * transition resulting in high molar absorptivity (12500 M −1 cm −1 ) [25] . It is a polar compound (p 1.9, 10.2) and exists as a dipolar molecule in aqueous solution. It is known to produce a polar intermediate on light absorption [21] which would further lead to the formation of free radicals and then efficient interaction with the amine to initiate polymerization. Compared with RF, CQ possesses weakly ionizable C=O groups. The light absorption at 468 nm would lead to - * transition of the dicarbonyl group in the molecule which has low molar absorptivity. Hence its efficiency in water would be lower compared to that of RF as observed. ST (p 4.0) is an ionizable compound and exhibits an absorption maximum at 532 nm that results from - * transition. All these photoinitiators, on excitation, produce radicals which interact with the amine and thus initiate the polymerization of HEMA. The degree of interaction of these photoinitiators with TEOHA would depend on the yield of their radicals in aqueous and organic solvents. The rate of the reaction would depend on the viability of the radical pair in a specific medium leading to polymerization.
It needs to be emphasized that, under the assay conditions of HEMA, on the dilution of photolysed solutions, the maximum TEOHA concentration used (0.01 M) would be too low to undergo complexation with HEMA in a molar ratio. The UV spectra of HEMA at such a dilution did not show any change in UV absorption in the presence of TEOHA. This suggests that there is no possibility of interaction between these compounds to affect the rate constants.
Mechanism of Polymerization.
The mechanisms of polymerization of HEMA using RF [26] , CQ [14] , and ST [7] as photoinitiators have previously been reported and involve similar steps in radical formation and further interactions to yield the polymer. Based on these mechanisms a general scheme for the polymerization of HEMA in the presence of different photoinitiators is presented in Figure 4 .
The photoinitiator (PI) on the absorption of light is promoted to the excited singlet state ( 
Conclusion
The polymerization of HEMA in the presence of RF, CQ, and ST as photoinitiators and TEOHA as a coinitiator shows that RF is more efficient than CQ and ST. The rate of polymerization is a linear function of the solvent dielectric constant indicating the involvement of polar intermediates in the photoinitiated reaction. The effect of decrease in fluorescence intensity of RF on the rate of the reaction is due to a decrease in solvent polarity causing the quenching of the excited singlet state. The rate of the reaction is inversely proportional to the solvent viscosity as a result of the diffusion controlled process. The study highlights the role of solvent characteristics in the efficiency of the polymerization of HEMA in the presence of the photoinitiators used.
